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(54) SEMICONDUCTOR DEVICE 
(57)Abstract: 

PROBLEM TO BE SOLVED: To improve the 
performance of a high electron mobility transistor having 
a hetero structure of AlxGai-xN/GaN, made of a 
compound semiconductor, having a hetero structure 
channel, having extra-high power and extra-high 
withstand voltage, and intended for high speed and high 
frequency, by effectively utilizing a large piezo-effect 
produced by the hetero structure in designing a device 
structure. 

SOLUTION: This semiconductor device is a high 
electron mobility transistor having a double hetero 
structure including a substrate side barrier layer made of 
AlxGai-xN manufactured on a substrate, a channel layer 
made of GaN or InGaN, and a barrier layer made of 

AlxGai-xN of the substrate surface side, wherein the Al composition of the barrier layer of the 
substrate surface side is larger than that of the barrier layer of the substrate side. Further, the 
thickness of the channel layer and the thickness of the barrier layer of the substrate surface 
side are in a range producing no lattice relaxation. 
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The Japanese Patent Office is not responsible for any 
damages caused by the use of this translation. 

1. This document has been translated by computer. So the translation may not reflect the original 
precisely. 

2. **** shows the word which can not be translated. 
3. In the drawings, any words are not translated. 



DETAILED DESCRIPTION 



[Detailed Description of the Invention] 
[0001] 

[The technical field to which invention belongs] this invention relates to the field-effect transistor which 
consists of a compound semiconductor for the high-speed RFs of the super-high power and super-high 
pressure-proofing which has a hetero structure channel. 
[0002] 

[Description of the Prior Art] Since the HEMT (HEMT) "AlXGal-XN/GaN HEM f" which has 
AlXGal-XN/GaN hetero structure has the high ionization by collision energy of GaN which high two- 
dimensional concentration of electrons is obtained by the big conduction band discontinuity (it is about 
2.1eV by aluminum composition X= 1.0) in AlXGal-XN/GaN hetero structure, and serves as a channel 
layer (about 5.3eV), the high power and the quantity pressure-proofing operation which exceeds GaAs 
system HEMT are possible for it. In here, the very big piezo electric field effect resulting from the grid 
mismatching between an AlXGal-XN layer and GaN layer exists in AIXGal-XN/GaN hetero structure. 
For this reason, for the further highly-efficient-izing of A lXGal-XN/GaN HEMT, it is indispensable to 
take the piezo electric field effect into consideration in a device design, and implementation of new 
HEMT device structure where this effect was used is needed. 
[0003] 

[Problem(s) to be Solved by the Invention] In HEMT which has AlXGal-XN/GaN hetero structure, the 
purpose of this invention takes into consideration the big piezo electric field effect produced along with 
this hetero structure in a device design, and is in the place which achieves highly efficient-ization of a 
field-effect transistor which consists of a compound semiconductor for the high-speed RF s of the super- 
high power and super-high pressure-proofing which has a hetero structure channel according to the new 
device structure which used this effect effectively. 
[0004] 

[Means for Solving the Problem] In order to attain the above-mentioned purpose, this invention is 
considered as a configuration like the publication to a claim. That is, this invention uses aluminum 
composition of the barrier layer by the side of the above-mentioned substrate front face as the 
semiconductor device greatly constituted from aluminum composition of the barrier layer by the side of 
the ab ove-mentioned substrate in the HEMT which has the double hetero structure constituted includ ing 
the b arrier laver by the side of the channel laye^wjiich consists of the barrier layer. GaN, or InGaN by 
the side of the substrate which consrsts~6f ATXGarXN"acy6r3^ f produced on the substrate 

like, and the substrate front face which consists of AlXGal-XN. Thus. AlXGal-XN/GaN of the both 
sides by the side of a substrate front face [ in double hetero structure in this invention ]. and a substrate. 
Or the piezoelectric effect in an AlXGal-XN/InGaN hetero interface is used. By reducing effectively the 
two-dimensional electron-distribution width of face in GaN or InGaN channel, and increasing aluminum 
composition X of the AIXGal-XN layer by the side of a substrate front face Since prevention or 
concentration of electrons can be increased, a decrement of the concentration of electrons accompanied 
by reduction of the above-mentioned channel width Consequently. HEMT which has the par\ us high 
concentration two-dimensional electron of electron-distribution width of face is realizable, and an aspect 
ratio is high and it is effective in high highly efficient HEMT of a mutual conductance (gm) being 
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obtained. Moreover, let this invention be the semiconductor device made into the domain according to 
claim 2 from which the thickness of a channel layer and the barrier layer by the side of a substrate front 
face does not produce grid relief in the claim 1 like. Thus, by setting the thickness of a channel layer and 
the barrier layer by the side of a substrate front face as the thickness which grid relief docs not produce, 
the effect of a piezo charge is acquired effectively and it is effective in highly efficient HEMT being 
realizable. Moreover, let this invention be a semiconductor device in the layer-structure condition Held 
of the domain surrounded by line A according to claim 3 the combined condition of the composition 
difference of aluminum composition of the barrier layer by the side of a substrate front lace and 
aluminum composition of the barrier layer by the side of a substrate and the thickness of the barrier layer 
by the side of the above-mentioned substrate front face is indicated to be to drawing 1 1 in the claim 1 or 
the claim 2 like, line B, line C, Hne D, and curvilinear E. Thus, by using the layer-structure condition 
field shown in drawing 1 1 , an aspect ratio is high and there is an effect which can produce easily high 
highly efficient HEMT of a mutual conductance (gm) by the high yield. 

[0005] AlXlGal-xlN/GaN/AlX2Gal-x2N whose drawing 1 1 is this invention It is what shows the 
layer-structure condition field in the layer structure (0<x2<xl <=1 ) of HEMT. On an axis of ordinate, 
the aluminum composition XI of AlXlOal-xIN barrier layer by the side of a substrate front face. In the 
rectangular coordinates system which took aluminum composition difference (xl-x2) with the aluminum 
composition X2 of AlX2Gal-x2N barrier layer by the side of a substrate, and took the thickness (dBl ) 
of AlXlGal-xlN barrier layer by the side of a substrate front face along the quadrature axis the segment 
to the crossover (a) of aluminum composition difference (xl -x2) 0.9 of an axis of ordinate, and thickness 
(dBl) 100** of the barrier layer of a quadrature axis - with A Curvilinear E which shows the limitation 
of grid relief of the thickness (dBl) of the above-mentioned barrier layer from the above-mentioned 
crossover (a) to the crossover (b) of aluminum composition difference (xl-x2) 0.2 of an axis of ordinate, 
and thickness (dBl) 500** of the barrier layer of a quadrature axis, the perpendicular segment from the 
above-mentioned crossover (b) to a quadrature-axis top - D and the segment to 0.9 of an axis of 
ordinate - the segment to 500** of B and a quadrature axis - the structure which exists in the layer- 
structure condition field surrounded by C is used [0006] In AlXGal-XN/GaN HEMT of this invention, 
by reducing the distribution width of face of the two-dimensional electron gas in a channel, it is effective 
to improve an aspect ratio and to increase a mutual conductance (gm), and. for that, it is advantageous to 
use the double hetero structure where GaN channel layer with narrow^ width of face w^as inserted by two 
AiXGal-XN barrier layers because of the further highly-efficient-izing. However, in case reduction of 
channel width reduces GaN channel width, it is effective \ reduction ], since it generally leads a 
decrement of the two-dimensional concentration of electrons in which an induction is possible to a 
channel to aim at prevention or increase of concentration of electrons for a decrement of the above- 
mentioned concentration of electrons by enlarging conduction band discontinuity of a hetero interface 
more by increasing aluminum composition X of an AlXGal-XN barrier layer. On the other hand, in 
AlXGal-XN/GaN hetero structure, when f resulting from the lattice strain between an AlXGal -XN 
layer and GaN layer ] the big piezo electric field effect exists very much and grid relief has not arisen at 
alL in aluminum composition X- 1 .0. the positive or negative, very big piezo charge of 3x 1 01 3/cm2 
arises in a hetero interface. For this reason, in case AlXGal-XN/GaN I lEMT is designed, even if it is ** 
in usual single hetero structure HEMT and it is in the case of double hetero structure HEMT ol the 
above, it is indispensable to take the piezo electric field effect into consideration by any case. Fhe 
piezoelectric effect in the AlXGal-XN/GaN hetero interface of the both sides by the side of the substrate 
front face in double hetero structure and a substrate is used for this invention. By reducing effectively 
the two-dimensional electron-distribution width of face in GaN channel, and increasing aluminum 
composition X of the AlXGal-XN layer by the side of a substrate front face Prevention or concentration 
of electrons is increased in a decrement of the concentration of electrons accompanied by reduction ol 
GaN channel width, as a result, highly efficient AlXGal -XN/(iaN HEMT which has the par\ us high 
concentration two-dimensional electron of electron-distribution width of lace is realized, and the above- 
mentioned technical probrem is solved. 

[0007] The conceptual diagram of the potential structure of double hetero structure Hl^M'I b\ this 
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invention is shown in the drawing 1 and the drawing 2 . Drawing 1 is a conceptual diagram of the 
potential structure of double hetero structure HEMT "AlXlGal-xlN/GaN/AlX2Gal-x2N 
HEMT" (0<xl, x2 <-l) by this invention, the point that the aluminum composition XI of AlXlGal- 
xlN barrier layer by the side of the point that the big piezo electric field effect by the lattice strain exists 
also in any of two barrier layer interfaces which, as for the fundamental characteristic feature of the 
potential structure of draw ing 1 , GaN channel layer adjoins, and a substrate front face is larger than the 
aluminum composition X2 of AlX2Gal-x2N barrier layer by the side of a substrate -- it comes out 
Drawing 2 is a conceptual diagram of the potential structure of double hetero structure HEMT 
"AI X 1 Gal -xlN/InYGal -YN /A1X^<^-^ 1 -^^^ HFMT" (0<xl . x2 <=L 0< Y<=1 ) by this invention, and , 
wh en InYGal-YN (Q< Y<^\) is used as a channel laveA it applies this invention shown in drawing 1 . ' 
The funda mental charac ter istic fe ature of the potential siructure of drawing 2 is com ple_tebL.the sam_e. as 
the fundamental characteristic feature of the potential structure of drawing 1 . Draw ing 3 - view 8 uses 
and explains an operation of the potential structure by this invention shown in above-mentioned view 1 
and the drawing 2 . First, an operation of the piezo electric field effect in this invention is explained 
using the drawing 3 and the drawing 4 . Double hetero structure AlXGal-XN/GaN/AlXGal-XN when 
the piezo electric field effect presupposes virtually that drawing 3 is not existed at all I'he potential 
configuration of HEMT and the mode of a distribution of a two-dimensional electron are shown 
typically. Compared with single hetero structure HEMl^ usual in double hetero structure HEMT, the 
advantageous mode is shown in drawing 3 by reduction of channel **** with the point of getting 
electron-distribution width of face being reduced. Double hetero structure AlXGal -XN/GaN/AlXGal - 
XN in case, as for drawing 4 , the big piezo electric field effect by the lattice strain exists also in any of 
two barrier layer interfaces which GaN channel layer adjoins The potential configuration of HEMT and 
the mode of a distribution of a two-dimensional electron are shown typically. As a result of an electron's 
being able to draw near to a substrate front-face side, a mode that electron-distribution width of face is 
reduced is shown to drawing 4 by the strong electric field by the both sides of the negative piezo charge 
produced in the positive piezo charge produced in the substrate front-face side hetero interface, and the 
substrate side hetero interface. Thus, it is possible to promote reduction of the distribution width of face 
of a two-dimensional electron by using the piezo electric field effect effectively according to double 
hetero structure. Although the misfit trusion will occur in the interface of a substrate and a thin film 
more than by it bordering on the so-called critical thickness and grid relief will arise if a thickness is 
increased when forming the thin film in which grid mismatching exists to a substrate, generally, grid 
relief advances imperfectly and a fixed lattice strain remains. Therefore, although the effect of a pic/o 
charge can be acquired based on the technical thought of the invention in this application even if it 
adopts the thickness exceeding the critical thickness, more effectively, it is desirable to hold down the 
thickness of a channel layer and the barrier layer by the side of a substrate front face to below a critical 
thickness. Next, an operation of the obstruction effect of the substrate front-face side AlXGal -XN 
barrier layer in this invention is shown using the drawing 5 and the drawing 6 . Single hetero structure 
AlXGal -XN/GaN in case, as for drawing 5 , the piezo electric field effect exists In HEMT, it is what 
showed typically change of the potential configuration when increasing aluminum composition X of an 
AlXGal -XN barrier layer, and a mode that a more high-concentration two-dimensional electron can 
make an AlXGal -XN obstruction high by increase of aluminum composition X so that an induction may 
be possible is shown. In drawing 5 . aluminum composition X of an AlXGal -XN barrier layer is 
carrying out [ that it can increase and ] critical-value X^XHS. without introducing the misfit trusion into 
an AlXGal -XN/GaN hetero interface, drawing 6 - double hetero structure AlXlGal-xl - pass critical- 
value X-XHS [ in drawing 5 for aluminum composition X of AlXl Gal -x 1 N barrier layer by the side of 
a substrate front face ] (XHS<XHD) from xl-x2-XL to xl=XHD in N/GaN/AlX2Gal -x2NHEMT - 
change of the potential configuration at the time of making it increase is shown typically 1 he mode 
which aluminum composition XI of AlXlGal-xlN barrier layer by the side of a substrate front face is 
made larger than critical-value X-XHS for the cr> stal lattice of GaN layer in double hetero structure 
being distorted by the AlX2Gal-x2N layer by the side of a substrate, and can carry out it like 
x2=XHD>XHS at the single hetero structure of draw ing 5 is show n in draw ing 6 . Thus, it is possible to 
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depend to the two-dimensional electron of GaN channel layer, and to realize the high obstruction effect 
by making aluminum composition XI of AlXlGal-xlN barrier layer by the side of a substrate front face 
larger than the aluminum composition X2 of AlX2Gal-x2N barrier layer by the side of a substrate in 
double hetero structure. In addition, by using double hetero structure, compared with single hetero 
structure, it is enabled to confine an electron in a channel layer a substrate and substrate front-face side 
to a channel layer using both piezo charges, and the effect of being effectively reducible also has 
electron-distribution width of face. In addition, since the sign of the piezo charge by which an induction 
is carried out depending on the size relation of a lattice constant by the interface of **** of substrate 
front-face side ** and a channel layer and the interface of the barrier layer by the side of a substrate and 
a channel layer is reverse, that difference will arise [ the location an electron can draw near and an 
electron distribution carries out / the location / a localization by both size relation ] a substrate front-face 
and substrate side. And in order to carry out the localization of the electron distribution by the substrate 
front-face side and to maintain the control by the gate electrode at a more effective domain, it is 
important to keep large the piezo charge by the side of a substrate front face. For that purpose, it is 
required for the composition difference (xl-x2) of aluminum composition (XI) of the barrier layer by 
the side of a substrate front face and aluminum composition (X2) of the barrier layer by the side of a 
substrate to be positive. Draw ing 7 shows an operation of the potential structure of double hetero 
structure HEMT "AlXlGal -xlN/GaN/AlX2Gal-x2N HEMT" (0<x2<xl <-l ) by this invention based 
on the above-mentioned argument. Drawing 7 being alike - as a result of an electron's being able to 
draw near to a substrate front-face side by operation of the strong electric field by the piezo charge 
produced in the hetero interface of the both sides by the side of a substrate front face and a substrate, a 
mode that electron-distribution width of face is reduced, and the channel induction of a more high- 
concentration two-dimensional electron has become possible according to the high obstruction effect by 
the side of a substrate front face is shown Therefore, by using the potential structure of double hetero 
structure HEMT •'AlXlGal-xlN/GaN/AlX2Gal-x2N HFMT" {0<xl, x2 <-l ) by this invention of 
drawing 1 , an aspect ratio is improved, it is enabled to increase a mutual conductance (gm). and 
implementation of highly efficient AlXGal -XN/GaN HEMT is attained. The result of the above- 
mentioned argument can be applied as it is, when InYGal-YN (0< Y<=1) is used instead of GaN as a 
channel layer. Draw ing 8 is what showed the operation of the potential structure of double hetero 
structure HEMT "AlXlGal-xlN/InYGal-YN/AlX2Gal-x2N HEMT" (0<x2<xl <=1. 0< Y<-1) by this 
invention, and the operation is completely the same as that of the operation shown in draw ing 7 . The 
gestalt of implementation of the following invention explains the layer-structure conditions for an 
operation of the potential structure by this invention shown in the drawing 7 and the drawing 8 being 
realized. 
[0008] 

[Embodiments of the Invention] The layer structure illustrated with the gestalt oi^the <gestalt 1 of 
operation> book operation is shown in drawing 9 . The gestalt of this operation is AlXl Gal - 
xlN/GaN/AlX2Gal-x2N HEMT (0<x2<xl <-l ) shown in drawing 1 . In the gestalt of this operation, 
although sapphire, SiC (silicon carbide), etc. can be used and GaN and A 1 GaN can be used as a buffer 
layer as a substrate, it is not restricted to this. It can get down to using the layer structure of the gestalt of 
this operation, and an aspect ratio can produce highly etTicient high, high HEM'f of a mutual 
conductance. 

[0009] The gestalt of another operation of the <gcstalt 2 of operation> this invention is shown. 
AlXlGal-xlN/GaN/AlX2Gal-x2N shown in drawing 10 In the layer structure (0<x2<xl <=1 ) of 
HEMT The thickness dBl of AlXIGal-xIN barrier layer by the side of difference xl-x2 and the 
substrate fiont face of the aluminum composition XI of AlXlGal-xlN barrier layer by the side of a 
subslrate front face and the aluminum (X>mposition X2 of AlX2Gal -x2N barrier layer by the side of a 
substrate The same effect as the gestalt 1 of operation is acquired by using the structure w hich is shown 
in drawing 1 1 and which exists in the layer-structure condition field surrounded by line A. line B. line C\ 
line D, and curvilinear E. Here, since 10% is required as aluminum composition in order for the 
limitation of line A to acquire effectively the effect as an obstruction of the barrier layer by the side of a 
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substrate, the upper limit of aluminum composition of the barrier layer by the side of a substrate front 
face becomes settled to 90%. Moreover, if, as for the limitation of line D. the thickness of the barrier 
layer by the side of the substrate front face as a gate insulator layer exceeds 500**, since it stops 
acquiring the concentration-of-electrons modulation effect by impressing potential to a gate electrode 
effectively, the thickness of the barrier layer by the side of a substrate front face will become settled 
below 500**. Furthermore, the limitation of curvilinear H becomes settled from the request of 
maintaining the thickness of a channel layer and the barrier layer by the side of a substrate front face al 
the domain from which grid relief does not happen. 

[0010] The gestalt of another operation of the <gestalt 3 of operation> this invention is shown in 
drawing 12 . The gestalt of this operation is AlXlGal-xlN/InYGal-YN/AlX2Gal-x2N IIEMT 
(0<x2<xl <=1 , 0< Y<==1 ) shown in drawing 2 . \n the gestalt of this operation, although sapphire. SiC, 
etc. can be used and GaN and AlGaN can be used as a buffer layer as a substrate, it is not restricted to 
these. It can get down to using the layer structure of the gestalt of this operation, and an aspect ratio can 
produce highly efficient high, high HEMT of a mutual conductance. In addition. In composition of 
InGaAs layer cannot be overemphasized by that it can set up suitably besides this example. 
[001 1] The gestalt of another operation of the <gestalt 4 of operation> this invention is shown. 
AlXlGal-xlN/lnYGal-YN/AlX2Gal-x2N shown in drawing 13 In the layer structure {0<x2<xl <-l. 
0< Y<-l) of HEMT The thickness dBl of AlXlGal-xlN barrier layer by the side of difference xl-x2 
and the substrate front face of the aluminum composition XI of AiXlGal-xlN barrier layer by the side 
of a substrate front face and the aluminum composition X2 of AlX2Gal -x2N barrier layer by the side of 
a substrate front face By using the structure w^hich exists in the layer-structure condition field shown in 
draw ing 11 , the same effect as the gestalt 2 of operation is acquired. 
[0012] 

[Effect of the Invention] An aspect ratio is high and it is effective in the ability of a mutual conductance 
(gm) to realize highly efficient high AlXGal -XN/GaN HEMT and highly efficient AlXGal- 
XN/InYGal-YN HEMT with the HEMT which has the double hetero structure which this invention 
mentioned above. 
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(57) [^*«J] 

[iSI@] AlxGai xN/G aN^-rnl^iS^-^-r^H 

-xy-it^«!jM^7^A>r x^jf ^i£L. :^<nm% 

immom^M. G.-iNtt<*iT nG.'d,N?J?>A>^^^ 
-^^-)Vm. i^XX/A I xGai xN/j-^-^^SrS-^^lfiJilUc?) 
P^:^.^ 5r ^AT-filJijt l^fihy yVU^T- n ^^^^^ & 



i.0>X;>X2>0 I 



AJxi«»I-XlNl*^« 



^X2G*1-X2N 



GaN -f* -V ^ /t^a 



1 

^mM(^)n^-m. GaNC,L<til nGaN/j-^^^=^^-7- 
^'^^/im. t^.tC/A 1 xG ai xNfj-ty/j:^M^^mm 

Gai jti N/GaNXA 1 x2Gai X2N HEMTOl^ 

( o<X2<Xi^ 1 ) <^y'/fV^^rv3i(mh^^^'h 

^'^-Fmi\^h -7>i^:X^X-h-^X. ^Efe^ifiiffiHtOA I 
xiGai xiN|t$M)g<7)A iSI^Xii:. ^UMCOA Ixz 
Gai x2N|S4fMMi7:tA imX2hc7-)A ISM;^ (Xi 
X2) ;(/>0.9WT. ^^MOA IxiGai xiNP$5£ 
momW. ( dm ) 0 0 AOTT'^ 0 . hiki^SftC 

^liifHjcoA 1 X 1 G ai XI Nn^McriW^\,±i^-fim\m\ 

[0001] 
[00 023 

\mkO^W^\ A IxGai xN/'GaN^7-^a|ijt^>fj 
r^^'^^^mmh^yz^X^ (HKM'l ) f AlxC; 
ai-xNyCiaN HKM'I'jti. AlxC^ai x N/G a 

N^-rv2mmzimhz^^^j:umw^^mk (a iifljjsix 

1 .0'C*«;2. 1 eV) (,zX-^Xi^^^2<k7i:j^7-miflf3^ 

n^n. ^^o. ^^'4-^wgt^-c>GaN<7)ffi^;in^«ta:^^ 

i^l^T, AlxGai xN/G aN^-r^^^|^S^;:i3l^T 
(i. A 1 xGai xN^tGaNJat<^[^^0lSr-4^^^tC 

f^iif-)^ A 1 X G a 1 - X N/G a N H F M T« ^ /':>^-l> i^ti 
[0003] 

[%W/m'?>tL.t: -^^ft ttfMm] y^mj\(^:^mu. A I 
X { ; ai X N//( ; a N^^u^^jSS^ H h:M'rt::tJt ^ 



( 2) t^m? 1 1 - 2 74^1 7^ 

2 

[0004] 

^j^z^ iS«JCl-.t;rfV'I^L/iA ixGai ^Nij-t-,^j:^J^um 
crm«^m. GaNt, L<til n G aN/j-/^>^^i;-v ^-/P 
10 m. ^^.fctXA IxGai xN/j^i^^^^^lSfljC^^l&jftlcOPIf^l^ 

A 1 . Jigdi£^ffi!l^^)P^Mi#tOA 1 SlJi^J: 0 t 

3£tKHIC^jK:^C?^A 1 xGai-xN/GaN. ^t:^CtiAlx 
Gai xN/T nGaN>VT-t7^DBt-^3(t^>eJ[:y'^M 
GaN^T^CtiT nGaN-^^':t'.;H^£^2i^^:;?i: 

20 Gai xN^cOA l|fl|^ciX^m:;^i-^Ci:t::.J;oT. K 
^^T-^>^i|HC^/h$ V v^i^J^ 2 r^TC^T ^ ^ - ^ 11 E M T 

t.fz. :^mmimm'z\,zsm(7yxdi^z^ m^m\<zis 

"9. \^:riv'^mmv^im}m}^znc.Ai. ^^m^HKm 
r^^mx'^hmm'^hh. ^tz. ^5tmmmm3{z 
tm<^yXoi,z^ in^in \ ^^f:ivxm^m2\,zi:i\^x . mi 
imm<^mmmo)A i tmit. mmm<mm.m<7yA \ m 

i^it^wi}^. mi i^zTT^t^tihUA^ «|H. 
i5 X x/m^ K xm^ ti h wmcommm^9^m.mH ^zh^ 
tmmmt-thhc^yx'hi>. ^1 U3>j. 

i^nhmwm<nn.^^m\^^^^^h\,zx^ . rx^^h 

[000 5 ] pfll lU, -^^mc^yA IxiGai xi N/CJ 
aN/^A 1 x^Gai xzN UMWrayMW^ (0<X2< 
X,< 1) tc^^tt>C>IMf»)^^fimt*^.i.i-t<7)T'^-', 

X. m.mzmiimm\c^yA i xi g ai xi NP^^fc^c^^A i 
jjjtX2hi?M I mitic^f: (X1-X2) 0. mMi,zj^u 

rzmm^.Mz^i\^X . iN^«ii7:)A i ( Xi x?.) 

50 0 . 9 <^ «IWli7Jlf?*i?it^<7:»)«f (dm) 1 O 0 A t ^ ^i;^, 



( 3 

3 

f!x ( ) t'cc^^myA t . _Laiic^A ( :j. ) mm 

(dm) 5 0 0 A t i^X'iC^:A ( b ) ^ 'C(^:> I .fli!Pf ^M^^^ 

/f^j? { din ) (/)i^-mmm^^^\<'t^^\i t . 

0.9t X<?m'if- '(/im\<^y S 0 O A Ife x-c^M"^ c 
[0 0 06] 7tc|£HJ}cOAlxGai xN/GaN HEM 

^ . 2 •':>^?:> A 1 K G a 1 )[ N 

2<):7c^^r^<^^'>^m^^XL'^0<^yX\ GaN^A' 
^'-;^tec^)«gW^^^r 0 mzit. A 1 X G ai -x NP^MM^OA 

-6. A 1 xGai-)iN/GaN^T-Oiffi&C*3^^T 

fi. A 1 xGai xN^tGaN;gti7)|^(7)fST^tC)SS 

^<4^.tTU^i^%^tc:t±, A 1 iflfiStX - 1 . Ot^iiii^ 

t7)t^xy?^^W^T-n#MtC^t^„ ^(7;;^ci6. Alx 
Gai-xN/GaN HEMT<7>|ftt^$:^f 3 l?^^tC(i. 

coi-y^^yp ■ ^^~\-tmje.URMTcni^ft->X'h-^X h . 
I ^rti(Dt%<^X'i. exrm^5?FiR^#ii:t^Ai't^ c t 
Ste^ tfofWiri i; ?/^i«t7)^:firi7:> A i x g a i - x n/g a 

^(fiifl!ljc?)A 1 xC^ ai xNig^A HflJ^StX^-t^Ar^'^t 
T , C J a N ^-r :f';M(g<7)|lg/Jxl-{f 9 ^-f ^?:)iM4 

VHifca(7vh?v^,^2ei)fe-2^^jL^^7-^>frr^r^jtt^ 1 xG 
ai-xN/GaN HRMT^^:^L. Ji^[i^^^lS;^-r 40 

TA 1 XI Gai~xi N/GaN/A I xzGai-i^^N HE 

MM- J c o< Xi , X2<- 1 ) <7:>>r^i~yiy \>}vmnio:im^. 

^V.U HXX>. St!st^rfnWK)A 1 XI Gai-xi N|f?^lj^i7:» ^,0 



A t mm.y^\iJ^^UmO)h l x^Gai xKNti^*i?^^(7)A I 

hVVlV' ^xOfllif^HEMT I A IxiGai xiN/l 
rivGai vNXAlxKJai xzN HEM'l'j (0< 
Xu Xj:< K 0< Y< 1 ) c0.itx>'i^A';H||j^co^,^. 
mx\ m I toT^L/:: 4:^09^. ^^- -^^^W^i: t'C T nr 
Gai vN (0<Y<1 ) ^m^fz^<iiZ-mmi.fzh<^'> 

j^cj^w^. ]M'i-MH^m\^^xim-ti>. t-r. 
mi,zt6ifi>\i\iiy'^^f}-^^cnifmt:. ms^xu-m'^^ 
m\>^xm.m'ri>. i2d3{i. fe^ft^i^t-xv^^^^jms^^^is^ 

<rrtL=^i^i: LiCrJt^i^^T)^^/!^ - ^rumMA l xG 
ai xN/GaN/A IxGai xN H E MTcOt^xV^- 

coT-^>^>, [3d3tcti. ^\^-fi^mii^mA^(,zx-^x''^T 

^^m^mH^^ixoht\'^dAX\ ^r-n^miS 

HEM'IV/ijg^cOi^y^> • ^T^O^^iSHEMTtCit^ 
XM^K'hhW{-if^Y^^ixX\^h. WiAltt. GaN^-\^ 

^-)vmimm-h 2-^om^m^\^(r^\^^^zii\^x 

■ ^7^r7:^)aA 1 xGai-xN/GaN/A 1 xGa 
1-xN HEM'ri7).if^>>-r;PJ^:t^i: 2<^^^c05h^ 

7-n^mz^tfcn<Ol::j:-Ym.^lcoMMzX: 

(>zx-^x. ^^rij^^Mmmt^zi^i^'^it^ith^^. ^m. 
r^^m:bm4^^tihmjf)^^<^tix\^^^. :icox o 
f,z^ yyju - ^^x:immzx t-xy^^m^^iftfl^j 
i^zm^^^zti^zX'^x , 2<k7t^-f-c^:»^Y^m(om4^^is. 
mi'h z t ^j^^mx'h h . ikmzn 
^hn^^mm-t%^\,z. mw-^mk^^ht. 
^h^^mH^mzvx^cix\^)jLX'mLtmWk(^MMi,z 

i^ziihfnm±A''^^^zmi\^. -^(oi^mimm- 
h. vf^:ij-->x. ^^m^^mtfzim^^mi.xh. 
^n%mc^mi}i^M\,z^-^\.^x t-xym^wo^m^f^-s. 

Zti}^T^Z>tK iOxftmCti. ^-^-^-}\^mi^XX/4^ 

ijm^LK^. i^m^nvziivr^&mkm^A ug 
)ijc^-c.j<r„ L^5{i. t"xyvi£^i<!)^/j^#tL-r^i^c=^,) 

i/V://!^ • ^7m*giSA ] xGai xN/GaN HEM 
TtC^il^T. A IxGai xN|J$M;{d<7)A mfKXi^mA 

T', A\miiy^(?mAi>zX"yx. x^)^i^m&<^2?K)u':& 

-f^mm^^Sm^X-yl^ZA IxtJai xNP^^.^,R,< ^'^C 
hi/^X't^^mWA^^rLX^-^h. l^dSt^iiiUTfi. A I 
xGai xNP^*i?it!5^^JA 1 mx/?^ ISfey^ffiX XHsjfer 



6ti. ^rCJ'ISifrA IxiGai xiN/GaN/ 

Alx,:Gai xz N H EMTt^^iV . ^^^mW)A\ 
xiGai^xi NPf^jHt^^A 1 ^flliJtX^Xi X;^ yiiJpi^> 
X] -XHn^TlMSCJ--5tt^RfeW-MX- Xhr ( XHf.<X 

i^t;:iott^G a N^COfc^n^i^^/^iMSc^^A 1 xzG a 
xiGai xi N|54f^Mt^)A 1 ^^Xi ^ - 

^^-^nJMitC*3tt-g.l5feW-«SX - Xhs J; 0 t A§ < LT X 
2 - xhd > xhs ^ c-r & ^ t -6 ^T*^^ 

^U^im\(^yA 1 XI Gai XI NP$§fJgtfOA 1 ffljxScXi 

^Mc?)A 1 i2Gi±in?.NmmMcnA 1 Si^X2 iOA 

^ < t Ci: T . G a N^^ ^^fl^mc^) 2 ^JC/umr^ 

Cir^-r J: 0 i^jt^PtM:^^^-^ ^ t ;{3^^figT'*> 

}}\ux. rv^fu- ^y~^mm^m^^i>ztf,zxr}. 
i^yi^fi- - ^^~ummz]t^. ^-^:^^/umifZMLx^H 
mfsit/MumM^Hhi^'t^jiYWM^mmtx . m-i" 

m^^mzm^bT^^^t\.^dm^i>^-i-h. ^s? 
^mcr):kAm^izimLx . mLmmmmcommjo xu' 

<:o^^tx\ mu^ti^^':^Ynm<^yrT"iji^xh^z 
tfj-^. m^c^^Mmuzx^. -^w^i^^-u-^ix-c 

i^:f}^±txLto. ^Lx. ni'd^^^^mnmizx 
om^-^'^xy- hmmzxhmm^. x o^!^^^}Kc^ 

;^t7)A 1 m (X, ) tmRmcom^mcoA i 

( X?. ) hc7)m^ (X, X2 ) ij^AEThh Z t i)'^'^^^. 

M'V I A I XI G ai XI N/G aN^A 1 12G ai X2 N 
HKMTj (0< X2< Xi^:; 1 ) <7).ifT->'i^-r>/HJ|i^<7) 
if-m^. ±^dmiii>zm-:^UX^f<Ltzh<^X'^Z>. m7(,z 

ti, mmMmmiti xi}:^mcr,Myr<^:>^^'^ii^mcz± t 

7M7fSi^IlEMT TA lxiGai-xiN/GaN/A 1 x^ 
(^ai X2N HKMTj (0<Xu Xz ^ 1 ) £7);K-r V 
i^^^/l'muii:m^^h'lttzX->X. rx^9 Vit^\i^\ \: 

tts:^. i5fifi^=^rA IxGai-xN/GaN IIEM'IVj 



(/I ) t^l^f-l 1-27/1/17^ 

6 

r GaNiJ'MtijOCT iivGai vN (0<Y<1 ) 

8ti. ^?£Hflt;:,t^ry/t' - ^-rofll^ffHHM'i^ ' A l 
xiGai xiN/lnvGai YNXAixxGai xzN H 
KMT. J ( 0<X2<Xi 1 , 0 <Y< 1) C^^.-Kv^^i^ 

10 mt'^. 

[0008] 

^l^L^cA I XI G ai X J N/(j a N/A 1 xzG ai X2N 
HBMT (0<X2<Xi^ 1 ) Xhh. i^%W<^Bmz 

m) m^m^^^^zti)^X'^. ^<>yyr-mt L-CtiGa 
N^A 1 GaN^ffli^^^r t^i'C-^^*^ 

^twt«i\ :^^mmmcomm^^m^^hzbi^z 
[0009] i^mcnmm 2 > ^mmm<^m:Wmm 

l5dl 0C3>T<t^v:A I xiGai xiN/GaN/A 
lx2Gai X2N HRMT£7);gfl|jS (0<X2<Xi^ 
1 ) i^Zi5\^^X. M^mMmm(^:iA IxiGai-xiN^^^tT) 
A IfflfiJcXih. ^m<r)A IxzGai X2 NPgI^^cOA 
\mLX?.tco^XA X2. ^>J:t/*tR^Mig!li7)A I XI 
Gai-xiNP$MJii7)®/^:dBi 1^1 1 t3>i;-$ii^. 

i^A. ISiB. ^C. *feDJoJ:t/[ft|feRCa§^n.-g>iy^JS 

30 ^nm.mmzrf<£r^^mm^my^^hzt^zx^ , ^ifec^.^ 

^tf^tzti. A m^hL'C 1 0%ii^'J^^^X'hl>Ztii^ih.. 

mLmnmommmcf^A i m<7)±f54Mii9 o%tz>t^ 

40 mmt^is^z h^^sv^mm^z^A^^^M^i^xx/mwimimcf^ 
[0010] im^omm^ > ^^i«R(7)>iii^7:i^j6fe<7)ifm 

^rb^li 2\,z,i<.-t. A^%m<^mm\t. [M2tc.J^t/::A 1 XI 

Gai-xiN/l iivGai-Y N/A Ix^Gai-xzN llli 
MT (0<X2< X] < 1 . 0<Y< 1 ) X^hh. A^Xm, 

o:>mmiz\6^^x. ^mt lxii. y r-f -r^-s i 

t:m^h<lti/X'^ . ^^ yyy-mt LT*ic;aN^-A 

I c.yLN^m^^^ztij^x't^r^fjK ztiCAzmi-^tiht 



(5) 

7 

[001 1] <%hk<7mm.A > ^wm'^^(^)mm}\m 

^A'<i\ 1 St^^j^L/::A IxiGai-xiN/l nvGa 
I y N/A I xxG^ii xxN H R MTC?))^t^|)^ ( 0 < Xz 
<Xi < 1 . 0< Y< 1 ) . ^«Ml(^i'^A 1 

xiCiai xiNP$^^<7)A 1 ^fljiltXihiifti^Uij{liy^.:)A 1 

,J;t/^Cft^^|fi^^f^l|c7)AlxlGal XI NPti^iM^r)^/?dpi 10 
LOO 1 23 

1 X G ai x n/G a N II FMTHklf\%W^A 1 x G a 
1 xN/lnyCJai yN H R MT^^J^T'^ ^^iR^/^ 
-g.. 20 

[ N n *^nHt7^y^Sfec7)MT'M^ Lit A I X 1 G a 1 - X 1 
N/GaN/A 1 xzGai -K2NHEMT ( 0<X2<Xi 

im2. ] ?r=5£H;?CO^jSffeC0i^®TWj^ t^C A 1 XI G ai xi 
N/ I nyG ai y N/A 1 x2Gai X2N HRMT (0 
<X2<X]<U 0<Y< 1 ) <7);Kf->'>'-v;Ufi|jl£l5d„ 

ri^3 3 4^^nJic?M1RMTti^j<^M1i^||iW^/::y5C7).i<"7^ 

V ] ^?6»!H£7:) H K M To^^m^mm-^r^i^M^'-r 30 
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8 

mi 3 4^^W)nRMT;P'M1-M^^^qH-r^/:;*'>^^)?KT- 

[i5di 23 ^mm%mmm^xmy\<\^rzr^}v^^r 

n^^iS-iT) 1 1 R M Tt?:)^^j:^l2{l „ 

nlS5S^)H RM'rc?5^5^[5g„ 
E^^v^0diiHjl3 
1 

2- -/N'y r— 

3- A 1 o.sGao. 7NP$M;^ 
4 — G aN^--^':^/^^ 

5---A lo.ibGao.BbN^^^ 

8- -A I x2Gai xzN^M;^ 

1 0---A I xiGai XI NPfr^^ 
1 

1 2 ■•/N'v:7r— /i 

1 3-A 1 0. H,Gao.8bN|J$*^ 

1 4--T no. obGao. gbN-^^^-yU/i 

1 5---A 1 o.3Ciao.7NP^.^M 

1 b'-mi, 

1 7"-Ji'vyr-m 

1 8---A 1 x2Ga]-x2NfJ?.M)f^ 

1 9---I nvGai-YN-^-N'^-;^;^ 

2 0--A 1 XI ai XI NP§c*il^ 
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nmY 1 1-2 7/1/17 4 



AlxiGai_xiN/InY<iaj,YN/Alx2Gaj.jQ^ HHMT 




1.0>Xi>X2>0 



GaN ^^^;i.JB 



^3 




OaN ^ ^f^n^}& 



m4] 

@4 



Al^Gaj_xN/GaN/Al^aj_xN HEMT 
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1 ]-27AA7A 



1^ 6 



X=Xi 



HS 




X=Xi 



HO 



x=x, 



AlxiCai_xiNAiaN/Alx2<^ai.X2l^ "EMT 




^Xl^»I-XI^^ 



GaN ■f'-V 



AlxiGai_XiN/InYGa2_YN/Alx2Gai_x2'^ HKMT 
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^ 1 2 74/1 7 /J 
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